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Abstract
We study the dynamics of dark matter (DM) particle-antiparticle oscillations within the con-
text of asymmetric DM. Oscillations arise due to small DM number-violating Majorana-type mass
terms, and can lead to recoupling of annihilation after freeze-out and washout of the DM density.
We derive the density matrix equations for DM oscillations and freeze-out from first principles
using nonequilibrium field theory, and our results are qualitatively different than in previous stud-
ies. DM dynamics exhibits particle-vs-antiparticle “flavor” effects, depending on the interaction
type, analogous to neutrino oscillations in a medium. “Flavor-sensitive” DM interactions include
scattering or annihilation through a new vector boson, while “flavor-blind” interactions include
scattering or s-channel annihilation through a new scalar boson, or annihilation to pairs of bosons.
In particular, we find that flavor-sensitive annihilation does not recouple when coherent oscillations
begin, and that flavor-blind scattering does not lead to decoherence.
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I. INTRODUCTION
The nature and origin of dark matter (DM) remains a fundamental question in our un-
derstanding of the Universe. Much attention has focused on models where DM is a weakly
interacting massive particle (WIMP), with many candidates in theories addressing the gauge
hierarchy problem [1]. In these scenarios, the DM density is CP-symmetric and freezes-out
when WIMP annihilation falls out of equilibrium (symmetric freeze-out), naturally explain-
ing the observed DM abundance by virtue of the “WIMP miracle.”
Alternately, the DM density may be set by its chemical potential [2], as for early models
of technibaryon DM [3], sterile neutrino DM [4], and more recently for Asymmetric Dark
Matter (ADM) [5], which gives a general prescription for communicating asymmetries be-
tween the Standard Model and DM sectors. This scenario gives rise to a wide range of model
building possibilities [6]. For ADM, the symmetric DM particle-antiparticle density is de-
pleted efficiently through annihilation, and the relic DM abundance is fixed by the initial
charge asymmetry (asymmetric freeze-out), associated with a conserved U(1)X symmetry. If
U(1)X is linked to baryon number, then the observed DM abundance is explained naturally
for O(5GeV) DM mass. Positive signals from the DAMA/LIBRA [7], CoGeNT [8], and
CRESST [9] experiments also point to this mass range, although it remains unclear whether
these results are compatable with each other and with null results from the CDMS-II [10]
and XENON10/100 [11, 12] experiments [15]. Indirect detection signals from dark mat-
ter annihilation are typically quenched in ADM models, depending on how efficiently the
symmetric DM density is depleted [14]. However, DM accumulation in stellar systems can
provide important constraints on ADM models [13].
The ADM story can change significantly in the presence of tiny U(1)X-violating mass
terms which give rise to DM particle-antiparticle oscillations. This effect has been discussed
within the context of specific models [16–20], and emphasized more generally in Refs. [21, 22].
If oscillations turn on after freeze-out, the frozen-out DM charge “thaws”: i.e., the symmet-
ric DM density is repopulated by particle-antiparticle oscillations, and annihilations are
reactivated. Since depletion of the symmetric density during freeze-out requires a large
annihilation cross section 〈σv〉 & 3× 10−26 cm3 s−1, indirect detection signals can be impor-
tant [21, 22], while stellar ADM bounds can be evaded. Moreover, residual annihilations can
modify the DM relic density substantially [21, 22]. On the other hand, if oscillations turn
on before freeze-out, the DM charge asymmetry is washed out, and one recovers the usual
symmetric freeze-out.
It is not unreasonable that DM oscillations may occur near the freeze-out epoch. If
U(1)X is a global symmetry, one expects non-renormalizable U(1)X -violating operators to
arise through quantum gravitational effects, suppressed by the Planck scale Mpl. For the
case of a fermionic DM state X , the lowest dimensional operator is φ†φX2/Mpl, where φ is
the Higgs field [22]. X-X¯ oscillations turn on when the Majorana mass scale 〈φ〉2/Mpl is
comparable to the Hubble rate H ∼ T 2/Mpl, corresponding to a temperature Tosc ∼ 〈φ〉 set
by the weak scale.
In order to study DM oscillations during freeze-out, one must generalize the usual Boltz-
mann equations to take into account quantum coherence between particle and antiparticle,
provided by the density matrix formalism, as pointed out in Ref. [22]. These authors first
presented the density matrix equations for oscillating DM, derived by adapting results from
neutrino oscillations in the early Universe [23]. (The earlier treatment in Ref. [21] treated
DM oscillations through a heurtistic modification to the usual Boltzmann equations, without
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accounting for coherence.)
In this work, we derive these density matrix equations from first principles using nonequi-
librium field theory. We find important qualitative differences with respect to Ref. [22]:
namely, the density matrix structure of the collision term depends crucially the underly-
ing interaction governing DM annihilation. The situation is analogous to the distinction
between flavor-sensitive and flavor-blind interactions in the neutrino context, which deter-
mines whether scattering does or does not lead to decoherence by “measuring” the flavor of
the coherent state. Here, the two “flavors” are particle and antiparticle. The DM interac-
tion is “flavor-blind” or “flavor-sensitive” depending on whether the DM bilinear coupling
to lighter states is even or odd under charge conjugation (C). One important consequence
is, for the flavor-sensitive case, DM annihilation is not reactivated when oscillations begin,
contrary to na¨ıve expectation.
The remainder of this work is organized as follows. In Sec. II, we present the Boltzmann-
like density matrix equations describing generic ADM freeze-out and oscillations in the early
Universe. (The details of our derivation, using nonequilibrium field theory, are given in the
Appendix.) In Sec. III, we present our main results. We discuss the general features of
oscillating ADM dynamics, with emphasis on the novel “flavor” effects that emerge from
our results compared to previous treatments. We give both numerical and analytical results
to illustrate these effects, and we also discuss implications for indirect detection bounds.
Our conclusions are summarized in Sec. IV.
II. BOLTZMANN EQUATIONS
A. Basic Setup
We consider a DM field X that is either a Dirac fermion or complex scalar, with mass
mX . We assume that X carries an approximately conserved charge, corresponding to a
U(1)X symmetry, which is broken through a tiny Majorana-type mass term. For fermionic
X , the Lagrangian is
Lfermion = X¯(i∂/ −mX)X − 1
2
mM(X¯
CX + X¯XC) + Lint , (1)
where XC = −iγ2X∗ is the charge-conjugated X field. For scalar X , the Lagrangian is
Lscalar = |∂µX|2 −m2X |X|2 −
1
2
m2M (X
C†X +X†XC) + Lint , (2)
where XC = X†. In Eqs. (1) and (2), the interaction Lint describes XX¯ orXX
† annihilation
into lighter states.
The Majorana-type mass term splits the complex X state into two real states with mass
mX ± δm, where
δm ≡
{
mM fermionic X case
m2
M
2mX
scalar X case
. (3)
Since X and XC are not mass eigenstates for δm 6= 0, quantum mechanical oscillations
occur between X and XC . To describe the dynamics of ADM freeze-out and oscillations, one
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must generalize the usual Boltzmann treatment [14] to include quantum coherence between
particle and antiparticle states, described by the density matrix
Fk ∼
( 〈a†kak〉 〈b†kak〉
〈a†kbk〉 〈b†kbk〉
)
. (4)
Here, ak, a
†
k (bk, b
†
k) correspond to (anti)particle creation and annihilation operators for mo-
mentum k. The diagonal elements F11 and F22 correspond to occupation numbers of X
and XC states, respectively, while the off-diagonal components govern coherence between
them.
Density matrix equations have been studied previously to describe flavor oscillations in
the context of neutrinos [23] and various baryogenesis scenarios [26, 29, 34, 35, 38]. To
recast DM particle-antiparticle oscillations in this language, it is helpful to define a DM
“flavor” doublet Ψ ≡ (X,XC), where the two “flavors” are particle Ψ1 ≡ X and antiparticle
Ψ2 ≡ XC . In terms of Ψ, the models given in Eqs. (1) and (2) can be expressed as
Lfermion =
1
2
Ψ¯(i∂/−M)Ψ + Lint , M =
(
mX mM
mM mX
)
(5a)
Lscalar =
1
2
|∂µΨ|2 − 1
2
Ψ†M2Ψ+ Lint , M
2 =
(
m2X m
2
M
m2M m
2
X
)
. (5b)
The model now appears to be that of two species Ψ1,2 that mix via flavor off-diagonal mass
terms.
In the Appendix, we derive the density matrix equation from first principles using
nonequilibrium field theory. For a spatially homogeneous and isotropic expanding Universe,
we have (for both fermion and scalar cases)
∂Fk
∂t
−Hk ∂Fk
∂k
= −i[Hk, Fk]+ Ck[F ] , (6)
where H is the Hubble rate. The free Hamiltonian Hk can be written at leading order in
δm as
Hk =
√
k2 +M2 = ωk 1+
mXδm
ωk
(
0 1
1 0
)
(7)
with ωk =
√
k2 +m2X . (The term proportional to the identity 1 is irrelevant for oscillations.)
The collision term Ck depends on the interaction Lint. We assume that XX¯ annihilates
into states f f¯ , where f is a SM or dark sector state.1 The collision term has two components
Ck[F ] = C
a
k [F ] + C
s
k [F ] , (8)
corresponding to annihilation X(k)X¯(k′)↔ f(p)f¯(p′)
Cak [F ] = −
1
2ωk
∫
dΠk′
∫
dΠp
∫
dΠp′ (2pi)
4δ4(k + k′ − p− p′)× 1
2s+ 1
∑
spins
(9)
× 1
2
({
Fk, M
†
aF¯k′Ma
}
(1± fp)(1± f¯p′)−
{
1±Fk, M†a(1± F¯k′)Ma
}
fpf¯p′
)
,
1 We henceforth denote the antiparticle state as X¯, inclusive of both fermionic X¯ and scalar X†.
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and scattering X(k)f(p)↔ X(k′)f(p′) and X(k)f¯(p)↔ X(k′)f¯(p′)
Csk[F ] = −
1
2ωk
∫
dΠk′
∫
dΠp
∫
dΠp′ (2pi)
4δ4(k + p− k′ − p′)× 1
2s+ 1
∑
spins
(10)
× 1
2
({
Fk, M
†
s(1±Fk′)Ms
}
fp(1± fp′)−
{
1±Fk, M†sFk′Ms
}
(1± fp)fp′
)
+
(
f → f¯ ) ,
with phase space measure dΠk ≡ d3k/ ((2pi)3 2ωk) and + (−) sign for bosons (fermions), and
where fp (f¯p) is the f (anti)particle distribution function, with momentum p. Our expression
for Ck averages over the spin s of X(k), given by the (2s+ 1)
−1 factor, and sums over spins
for all other states. The annihilation term involves the “barred” density matrix
F¯ ≡
(
F22 F12
F21 F11
)
, (11)
the form for which is derived in the Appendix.
In the density matrix equations, the annihilation and scattering amplitudes become ma-
trices in flavor-space, given by
Ma =
(M(XX¯ ↔ f f¯) 0
0 M(XCX¯C ↔ f f¯)
)
(12a)
Ms =
(M(Xf ↔ Xf) 0
0 M(XCf ↔ XCf)
)
, (12b)
respectively, where M is the usual matrix element. If Ma,s is proportional to the identity,
these interactions are “flavor-blind”; otherwise interactions are “flavor-sensitive.” The dis-
tinction between flavor-blind and flavor-sensitive turns out to be critically important for
oscillating DM.
In the absence of coherence (F12 = F21 = 0), it is straightforward to see that Eqs. (9)
and (10) reproduce the usual Boltzmann collision terms. F11 (F22) corresponds to the X
(X¯) occupation number, and Ma,s and M
†
a,s factor out, giving the usual squared matrix
elements
∑ |M|2.
To consider a concrete example, we take X and f to be fermions, coupled through an
effective contact interaction
Lint =
GX√
2
X¯ΓaX f¯Γaf , (13)
with coupling GX , obtained by integrating out a heavy mediator. The Dirac structure is
given by Γa: scalar ΓS = 1, pseudoscalar ΓA = γ5, vector Γ
V = γµ, axial vector ΓA = γµγ5,
and tensor ΓT = σµν ≡ i
2
[γµ, γν]. In terms of Ψ, Eq. (13) becomes
Lint =
GX
2
√
2
Ψ¯ΓaO±Ψ f¯Γaf , O± ≡
(
1 0
0 ±1
)
, (14)
where the ± in O± corresponds to the transformation property of Lint under X → XC .
Scalar, pseudoscalar, and axial-vector interactions are flavor-blind (+), while vector and
tensor interactions are flavor-sensitive (−). The amplitude matrices factorize as
Ma =M(XX¯ → f f¯)O± , Ms =M(Xf → Xf)O± . (15)
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In a more general case with mixed C (e.g., Γa = gV γ
µ + gAγ
µγ5), both O± contribute:
Ma =M+(XX¯ → f f¯)O+ +M−(XX¯ → f f¯)O− (16a)
Ms =M+(Xf → Xf)O+ +M−(Xf → Xf)O− (16b)
where M+ (M−) is the part of the matrix element proportional to gA (gV ).2
Eq. (16) corresponds to the most general form for the amplitude matrices for any inter-
action Lint. Although our results were derived for a contact interaction (see Appendix), it
is straightforward to adapt our results to any Lint by using the appropriate matrix elements
Ma,s. The sign of O± is determined by Ma → ±Ma under X → XC . One important
example is XX¯ annihilation to light dark sector bosons (which then decay to SM states);
this case has O+.
B. Nonrelativistic limit
The density matrix equation can be simplified considerably if X, X¯ are nonrelativistic, as
expected during and after freeze-out. The usual prescription in the single flavor case is to
integrate the Boltzmann equation and to express everything terms of total number densities.
Analogously, we define a “number density matrix”
n ≡ (2s+ 1)
∫
d3k
(2pi)3
Fk =
(
n11 n12
n21 n22
)
, n¯ ≡ (2s+ 1)
∫
d3k
(2pi)3
F¯k =
(
n22 n12
n21 n11
)
, (17)
where the (2s + 1) factor accounts for spin. To evaluate the integrated collision term∫
d3k/(2pi)3 Ck in terms of n (and n¯), we take as an ansatz
Fk = e
−ωk/T
n
neq
, F¯k = e
−ωk/T
n¯
neq
, (18)
assuming that the momentum dependence of (Fk)ij can be characterized by a Maxwell-
Boltzmann factor independent of ij, where neq ≡ (2s + 1)
∫
d3k/(2pi)3 exp(−ωk/T ). We
expect this ansatz to be valid since the free Hamiltonian, in the nonrelativistic limit, becomes
H0 =
(
mX δm
δm mX
)
, (19)
giving an oscillation frequency ωosc = 2δm that is approximately independent of k, modulo
O(k2/m2X) corrections. Moreover, we take a general structure for the amplitude matrices,
given in Eq. (16).
Taking the integral (2s+1)
∫
d3k/(2pi)3 of Eq. (6), the integrated density matrix equation
is
∂n
∂t
+ 3Hn = −i[H0, n]− Γ±
2
[
O±,
[
O±, n
]]− 〈σv〉±(1
2
{
n, O± n¯ O±
}− n2eq) . (20)
2 To be clear, we emphasize that C = ± does not refer to the C-transformation of Lint in the usual sense,
where one transforms all fields entering Lint under C. Here, C = ± refers to the parity of Lint under
X → XC , while keeping the other fields untransformed. In this latter sense, we identify C-even (odd)
interactions as corresponding to flavor-blind (sensitive) collisions.
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The terms on the right-hand side correspond to oscillations, scattering, and annihilation,
respectively. The ± denotes collision terms from flavor-blind (+) and flavor-sensitive (−) in-
teractions, and in general both types contribute. The usual thermally-averaged cross section
is 〈σv〉 ≡ 〈σv〉++ 〈σv〉−, but the separate C-even (〈σv〉+) and C-odd (〈σv〉−) contributions
have a different matrix structure in the anticommutator term, due to O±. There are no
O+O− cross terms: the different C amplitudes do not interfere, since a particle-antiparticle
wavefunction is an eigenstate of C. The total thermally-averaged elastic scattering rate for
Xf ↔ Xf plus Xf¯ ↔ Xf¯ is
Γ± = 2
1
neq
∫
dΠk
∫
dΠp
∫
dΠk′
∫
dΠp′ (2pi)
4δ4(k + p− k′ − p′)
×
∑
spins
|M±(Xf ↔ Xf)|2 e−ωk/T fp(1± fp′) . (21)
No O+O− cross terms arise for fp = f¯p, which we have assumed in Eq. (21). Moreover, since
O+ = 1 commutes with any n, only flavor-sensitive scattering contributes to Eq. (20).
Next, we define the comoving number density matrix Y ≡ n/s (and Y¯ ≡ n¯/s) [22],
where s = 2pi2/45 g∗S(T ) T
3 is the entropy density3 and g∗S counts the effective number of
relativistic degrees of freedom. We take the notation ′ ≡ (1− 1
3
∂ ln g∗S
∂ lnx
)−1 d
dx
, and rewrite
Eq. (20) as
Y ′(x) = − i
Hx
[H0, Y ]− Γ±
2Hx
[
O±,
[
O±, Y
]]− s〈σv〉±
Hx
(1
2
{
Y, O± Y¯ O±
}− Y 2eq) (22)
where x ≡ mX/T and Yeq ≡ neq/s. We also denote the X, X¯ comoving number densities as
YX ≡ Y11 and YX¯ ≡ Y22.
Eq. (22) is the master Boltzmann equation for oscillating DM. Similar results were pre-
sented in Ref. [22], but do not capture the correct matrix structure of the annihilation and
scattering terms, nor the distinction between flavor-blind and flavor-sensitive interactions.
These subtleties are qualitatively important in studying oscillating DM.
III. DISCUSSION AND RESULTS
For oscillating DM, freeze-out dynamics and indirect detection signals can depend cru-
cially on whether the interactions responsible for DM annihilation and elastic scattering are
flavor-sensitive or flavor-blind. We now discuss these issues in detail. We first consider the
annihilation and scattering terms, and then we present numerical and analytical solutions
to the density matrix equations which illustrate our discussion. Lastly, we briefly mention
implications for indirect detection signals.
3 Below, we use s to denote entropy density, not to be confused with particle spin s.
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A. Annihilation
First, we consider the annihilation term; expanding the anticommutator, we have4
flavor-blind:
1
2
{
Y, O+Y¯ O+
}
=
(
Y11Y22 + Y12Y21 Y11Y12 + Y12Y22
Y21Y11 + Y22Y21 Y11Y22 + Y12Y21
)
(23a)
flavor-sensitive:
1
2
{
Y, O−Y¯ O−
}
=
(
Y11Y22 − Y12Y21 0
0 Y11Y22 − Y12Y21
)
. (23b)
The two types of interactions couple very differently to Yij. However, in the absence of
coherence (Y12, Y21 → 0), both interactions give the same (usual) result proportional to
YXYX¯ . The distinction between flavor-blind and flavor-sensitive is only relevant in the
presence of coherence.
If oscillations turn on after freeze-out, one na¨ıvely expects annihilation to be reactivated
as X oscillates into XC , repopulating XC . This expectation turns out to be false for flavor-
sensitive annihilation. In this case, annihilation only couples to Y through det(Y ) = Y11Y22−
Y12Y21. Because det([H0, Y ]) = 0, oscillations do not “source” flavor-sensitive annihilation.
As long as DM is coherently oscillating, annihilation is not reactivated.
This result stems from a simple symmetry argument. Annihilation occurs through a
two-particle state characterized by spin, spatial, and flavor (i.e., X,XC) wavefunctions.
Moreover, since both X and XC must be present to annihilate, and particle-antiparticle
wavefunctions are eigenstates of C, the total wavefunction has eigenvalue C = (−1)L+S,
where L is the total angular momentum, and S is the total spin. Boson (fermion) statistics
requires that the total wavefunction be (anti)symmetric. For all choices of L and S, this
implies that C-even (odd) interactions have (anti)symmetric flavor wavefunctions, according
to the following table.
C S L flavor total
scalar X + — even even even
− — odd odd even
fermion X + 0 (odd) even even odd
− 0 (odd) odd odd odd
+ 1 (even) odd even odd
− 1 (even) even odd odd
If oscillations turn on when DM is nonrelativistic, all states precess uniformly (with
ωosc ≈ 2δm) and only one pure state is populated, illustrated in Fig. 1. Therefore, only
a symmetric flavor wavefunction can be nonvanishing. Flavor-sensitive annihilation, requir-
ing an antisymmetric flavor wavefunction, remains frozen-out. Once the coherence is broken,
DM is no longer a pure state, and annihilation commences.
Even in the absence of collisions, decoherence can occur within the thermal DM ensemble.
Since DM particles have a thermal distribution in momentum k, different momentum modes
4 The annihilation term given in Ref. [22] is different in two respects: the authors (i) set O± = 1 for all
types of interactions, and (ii) use a different form for Y¯ where Y¯12,21 = −Y21,12.
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Particle X
Antiparticle XC
FIG. 1: DM freezes out as a pure X state, and then precesses in X-XC space due to coherent DM
oscillations. For nonrelativistic DM, all states precess approximately uniformly, shown by the solid
arrow. For flavor-sensitive interactions, a state only annihilates with an orthogonal one, shown by
the dashed arrow, which is not populated.
can go out of phase, due to k-dependent corrections to the oscillation frequency, given by
ωosc(k) = 2δm
(
1− k
2
2m2X
+O
(
k4
m4X
))
. (24)
This thermal effect breaks the coherence of the ensemble and leads to annihilation. A
rigorous treatment of this effect requires, however, solving Eq. (6) for Fk directly, which is
beyond the scope of this work. The integrated density matrix equation, given in Eq. (22),
neglects O(k2/m2X) corrections to ωosc and does not include this effect.
To estimate the time scale when flavor-sensitive annihilation begins, we consider a DM
state Xk with momentum k. At time t = 0, we have Xk(0) = |X〉, and the state evolves
according to Xk(t) = cos(ωosct/2)|X〉 − i sin(ωosct/2)|XC〉, neglecting an overall phase
exp(−iωkt). An antisymmetric flavor wavefunction can be composed from two states with
momentum k, k′ as follows:
Xk(t)⊗Xk′(t)−Xk′(t)⊗Xk(t) = i sin(∆ωosct/2)
(|X〉 ⊗ |Xc〉 − |Xc〉 ⊗ |X〉) , (25)
where ∆ωosc ≡ ωosc(k)−ωosc(k′). The wavefunction becomes nonvanishing and annihilation
commences for t & τdec, with decoherence time scale τdec ≡ |∆ω−1osc| ∼ 1/(δmv2), where v is
the typical DM velocity. Since v ≪ 1 for nonrelativistic DM, the onset of flavor-sensitive
annihilation can be significantly delayed compared to when oscillations begin.
B. Elastic scattering
Next, we consider DM elastic scattering with the thermal plasma. For a flavor-sensitive
interaction, the scattering term is
Γ−
2
[
O−,
[
O−, Y
]]
= 2Γ−
(
0 Y12
Y21 0
)
, (26)
which damps Y12, Y21 → 0 and causes decoherence of DM oscillations. Typically, oscillations
begin when ωosc ∼ H . However, if Γ− > H , then scattering plays an important dynamical
role. At first, when Γ− > ωosc > H , coherent oscilations do not occur due to the quantum
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Zeno effect. The X asymmetry does not oscillate into XC because flavor-sensitive interac-
tions rapidly “measure” the state to be X before X → XC can occur. ADM does not thaw,
and annihilation remains frozen-out. Next, when Γ− ∼ ωosc, the quantum Zeno effect no
longer occurs. The pure X state, through oscillations and decoherence from scattering, is
reduced to a fully mixed X-XC system (Fk ∝ 1). Annihilation commences for ωosc > Γ−.
In the case of a flavor-blind interaction, scattering does not lead to decoherence. Since
O+ = 1, the scattering term vanishes.
5 This result is known from neutrino physics: purely
flavor-blind (i.e. neutral current) iso-momentum ν scattering on nonrelativistic targets does
not lead to decoherence.6 Here, scattering does not measure the state, leaving the wave-
function uncollapsed; coherence is preserved.
For the contact interaction given in Eq. (13), the scattering rate is correlated with the
annihilation cross section. For example, for a vector interaction Γa = γµ we have
〈σv〉− =
gfG
2
Xm
2
X
2pi
, Γ− =
7gfG
2
XT
5pi
60
, (27)
formf = 0 and where gf counts the f degrees of freedom (e.g. color). Within a more general
theory of DM, the scattering and annihilation rates are less correlated. The scattering rate
can be suppressed compared to annihilation if the latter is resonantly enhanced or has final
states that are heavy (mX > mf & mX/20) such that scattering is Boltzmann suppressed
during freeze-out; or, scattering can be compartively enhanced if there exists a dark sector
thermal bath with many light states to scatter from.
C. Numerical results
From a model-building perspective, ADM oscillations offer an appealing mechanism to
allow DM masses at the weak scale, well above the natural ADM mass scale of 5 GeV. If
the oscillation parameter satisfies δm ∼ 10−10 eV × (mX/10GeV)2, then oscillations can
begin during the freeze-out epoch, potentially allowing for residual annihilation to deplete
the DM density below its asymmetric abundance. Here, we present numerical solutions to
the density matrix equations in order to illustrate these dynamics, focusing on the difference
between flavor-blind versus flavor-sensitive interactions.
In Fig. 2, we show the evolution of the DM density for an example case with mX = 300
GeV, δm = 10−7 eV, and 〈σv〉 = 7.5 pb (assuming s-wave annihilation). We set the
scattering rate to be Γ± ≡ κG2FT 5 [22], where GF is the Fermi constant and κ is a numerical
coefficient.
• Top left: Comparison of the Hubble rate H , oscillation rate ωosc, and scattering rate
Γ± for κ = 10
−4. Asymmetric freeze-out occurs at x ∼ 20, and without collisions,
oscillations turn on when ωosc ∼ H , corresponding to x ∼ 30. With flavor-sensitive
scattering, oscillations turn on when ωosc > Γ− due to the quantum Zeno effect.
5 In contrast, Ref. [22] adopts a scattering term as in Eq. (26) for all types of interactions.
6 For the neutrino case, this effect is not preserved when one includes charge-current forward scattering
effects; see discussion in Ref. [36] Appendix A.
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10
−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no
scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .
• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.
• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.
• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x & 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).
The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX¯ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).
7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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FIG. 3: Evolution of DM density formX = 10 GeV, 〈σv〉 = 5 pb, δm = 10−10 eV. Top left: rates H,
ωosc, and Γ±, for κ = 10
−4. Top right: flavor-blind interaction for both κ = 0 (no scattering) and
κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no scattering. Bottom
right: flavor-sensitive interaction with scattering. Dashed line is initial DM asymmetry ηDM =
8.8× 10−11. Pink band is observed ΩDM .
Residual annihilation is most efficient for a flavor-blind interaction, giving enough DM
washout to reproduce the observed DM density for the parameters chosen here. For a flavor-
sensitive interaction with scattering, DM washout is reduced since the onset of oscillations is
delayed (although significant washout is possible for larger 〈σv〉). For a flavor-sensitive inter-
action with negligible scattering, this mechanism is inoperative, and ΩDM = mXηDMs0/ρc is
fixed by the initial asymmetry, where s0 and ρc are the present entropy density and critical
density respectively. The latter two cases overproduce the DM density.
In Fig. 3, we show the evolution of the DM density for another example with smaller DM
mass: mX = 10 GeV, δm = 10
−10 eV, and 〈σv〉 = 5 pb (assuming s-wave annihilation).
The different panels correspond to the separate cases in Fig. 2. Since DM is lighter, less
residual annihilation is required to reproduce the observed DM relic density, occuring here
for the flavor-sensitive case with scattering (κ = 10−4). The flavor-blind case gives too much
washout, favoring a heavier DM mass and/or smaller 〈σv〉, while the flavor-sensitive case
with no scattering again gives ΩDM = mXηDMs0/ρc.
Similar results were presented in Ref. [22]. We emphasize that for two cases — flavor-
blind annihilation without scattering (O+, with κ = 0) and flavor-sensitive annihilation with
scattering (O−, with κ 6= 0) — our results agree with theirs (despite differences in how the
collision term couples to the components Yij). For other cases, our results are qualitatively
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different and affect the relic DM density by an order of magnitude.
D. Analytical Analysis for Flavor-Sensitive Annihilation
It is possible to demonstrate analytically that flavor-sensitive annihilation is not reacti-
vated by coherent oscillations, confirming our results above. Following Ref. [22], we express
the density matrix equation (22) as a system of coupled differential equations in terms of
the variables
Σ(x) ≡ Y11 + Y22 , ∆(x) ≡ Y11 − Y22 , Ξ(x) ≡ Y12 − Y21 , Π(x) ≡ Y12 + Y21 . (28)
For the case of flavor-sensitive annihilation, with negligible scattering, Eq. (22) becomes
Σ′ = −2 〈σv〉
Hx
[
1
4
(
Σ2 −∆2 − Π2 + Ξ2)− Y 2eq] , ∆′ = 2iδmHx Ξ , Ξ′ = 2iδmHx ∆ , Π′ = 0 .
(29)
We take as the initial condition that the DM densities are frozen-out to their asymmetric
values Σ(xf ) = ∆(xf ) = ηDM at x = xf ∼ 20 (with Π(xf ) = Ξ(xf) = 0). Assuming
H ∝ x−2, the equation for ∆(x) can be written as
∆′′ =
∆′
x
− 4δm
2∆
H2x2
, (30)
which is satisfied for ∆(x) = ηDM cos(δm/H). Through similar arguments, we also have
Ξ(x) = iηDM sin(δm/H), and trivially Π(x) = 0.
From Eq. (29), the total DM density Σ reaches its asymptotic solution when
Σ2 = ∆2 +Π2 − Ξ2 , (31)
neglecting Yeq for x ≫ 1. However, plugging in our solutions, we find that the right-hand
side is constant, given by ∆2 + Π2 − Ξ2 = η2DM . Even in the presence of oscillations, the
total density Σ = YX + YX¯ remains frozen-out, fixed to its asymmetric freeze-out value —
even though the individual densities
YX =
Σ +∆
2
= ηDM cos
2
(
δm
2H
)
, YX¯ =
Σ−∆
2
= ηDM sin
2
(
δm
2H
)
(32)
do oscillate as expected. (Setting H = 1/(2t), we obtain the standard oscillation formulae.)
E. Indirect detection
Although annihilation signals are typically quenched in ADM models, they can become
reactivated in the presence of DM oscillations. Since large annihilation cross sections are
required to deplete the symmetric DM density, the resulting constraints can be important,
but are highly dependent on the DM mass and final state channels. A detailed analysis [22]
is beyond the scope of this work, and instead we briefly summarize some important points.
Studies of Big Bang nucleosynthesis (BBN) and the cosmic microwave background (CMB)
constrain energy injection from DM during their respective epochs [39], tBBN ∼ 0.1 sec − 1
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min and tCMB ∼ 105 yr. Indirect detection signals from γ-ray and cosmic ray observations
constrain DM annihilation during the present epoch, t0 ∼ 1010 yr [40]. For a flavor-blind
interaction, annihilation commences when oscillations begin, for t & δm−1. But for a flavor-
sensitive interaction, annihilation occurs much later, when thermal effects cause decoherence,
for t & δm−1/v2. In galactic systems (relevant for indirect detection), the typical velocity is
v ∼ 10−3. During the BBN and CMB epochs, we estimate the DM velocity as
v2 ∼ T
2
TkdmX
∼
 10
−4 × ( T
MeV
)2 (GeV
mX
)(
10MeV
Tkd
)
BBN
10−16 × ( T
eV
)2 (GeV
mX
)(
10MeV
Tkd
)
CMB
(33)
where Tkd is the DM kinetic decoupling temperature.
Ref. [21] infers strong indirect limits on oscillating ADM by requiring the oscillation time
δm−1 be larger than the time scales tBBN, tCMB, t0 relevant for symmetric DM annihilation
constraints. (Clearly, these bounds are model-dependent.) We emphasize that these con-
straints only apply for flavor-blind annihilation. For flavor-sensitive annihilation, the bounds
are weaker by ∼ 6− 16 orders of magnitude!
IV. CONCLUSIONS
We have studied the impact of DM particle-antiparticle oscillations, generated by a DM
number-violating Majorana-type mass, for asymmetric dark matter scenarios. Oscillations
erase the DM asymmetry, thereby reactivating annihilation after freeze-out, which can de-
plete the relic DM density and allow for indirect detection signals. Such Majorana mass
terms are a generic feature of any ADM model, greatly expand the ADM model-building
possibilities, and provide a natural bridge between symmetric (i.e., WIMP) and asymmetric
DM.
Several previous works have considered DM oscillations, within specific models [16–20]
and in more general analyses [21, 22]. Here, we provided the first rigorous derivation (from
finite temperature field theory) of the density matrix equation of motion describing DM
freeze-out, oscillations, and collisional processes. We showed that oscillating DM exhibits
particle-vs-antiparticle “flavor” effects, analogous to similar phenomena in the context of
neutrino oscillations in a medium. DM interactions can be “flavor-blind” or “flavor-sensitive”
depending on how the interaction transforms under charge-conjugation of the DM field.
Flavor-sensitive interactions include DM scattering or annihilation through a new vector
boson, while flavor-blind interactions include DM scattering or annihilation through a new
scalar boson, or t-channel annihilation to two bosons. Our results agree with those in
Ref. [22] for the case of flavor-blind annihilation with flavor-sensitive or no scattering, but
for other interactions these flavor effects lead to important qualitative differences.
The interplay of coherent oscillation and decoherence via scattering gives rise to a subtle
combination of possible evolutions of ADM once the DM antiparticle state becomes popu-
lated. The main new points emphasized in this paper are as follows:
• Once coherent oscillations commence, and the antiparticle becomes repopulated, DM
annihilation only occurs via flavor-blind interactions, in the absence of coherence de-
stroying scattering.
• Only flavor-sensitive scattering causes decoherence. If scattering occurs only through
flavor-blind interactions, scattering has no effect on ADM evolution.
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• If coherence is lost via flavor-sensitive scattering, flavor-sensitive annihilation may
proceed. (Flavor-blind annihilation occurs anytime after oscillations begin.)
We presented several arguments and numerical examples to demonstrate these conclusions.
There remains a rich phenomenology to explore in the presence of ADM oscillations,
which we have only lightly touched on in this work. In particular, over long times coherence
can be lost through DM reheating during structure formation or late-time scattering. What
is clear is that while the ADM density may be fixed in the Universe by a DM asymmetry,
there are a wide variety of scenarios to explore for the DM asymmetry at late times, leading
in some cases to indirect detection signals for ADM.
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Appendix A: Nonequilibrium field theory derivation
The closed-time-path (CTP), or real-time, nonequilibrium field theory formalism [24]
provides a useful and rigorous tool for deriving Boltzmann equations [25]. In this appendix,
we use these methods to derive a Boltzmann-like equation for the density matrix describing
DM freeze-out and oscillations, following Ref. [26, 27]. Similar methods have been adopted
in other cosmological contexts [28–34].
We consider the case where the DM field X is a fermion, described by Eq. (1). (The
arguments and results for the scalar DM case are similar.) The basic building blocks are the
thermally-averaged Green’s functions
S<ij (x, y)αβ = −
〈
Ψ¯jβ(y) Ψiα(x)
〉
, S>ij (x, y)αβ =
〈
Ψiα(x) Ψ¯jβ(y)
〉
(A1)
where α, β are Dirac indices, and x, y are spacetime coordinates (we assume flat spacetime
for now). “Flavor” indices i, j label particle Ψ1 ≡ X and antiparticle Ψ2 ≡ XC . Next, we
define the average coordinate x¯ ≡ 1
2
(x+ y) and relative coordinate r ≡ (x− y). The Wigner
transformation of S≷(x, y) is given by
S≷(k, x¯) ≡
∫
d4r ei k·r S≷(x, y) , (A2)
which is simply a Fourier transform with respect to the relative coordinate r.
It turns out that S≷(k, x¯) is closely related to the density matrix Fk. To see this con-
nection, it is insightful to evaluate S≷(k, x¯) using a free-field mode expansion for X , setting
mM = 0:
Xα(x) =
∫
d3k
(2pi)3
1
2ωk
∑
s
(
uα(k, s) ak,s e
−i k·x + vα(k, s) b
†
k,s e
i k·x
)
(A3a)
XCα (x) =
∫
d3k
(2pi)3
1
2ωk
∑
s
(
uα(k, s) bk,s e
−i k·x + vα(k, s) a
†
k,s e
i k·x
)
. (A3b)
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The density matrix Fk is defined by the expectation values of creation and annihilation
operators, with the appropriate normalization factor:〈
a†
k,s ak′,s′
〉
= 2ωk δss′ (2pi)
3δ3(k− k′) (Fk)11 (A4a)〈
b†
k,s bk′,s′
〉
= 2ωk δss′ (2pi)
3δ3(k− k′) (Fk)22 (A4b)〈
b†
k,s ak′,s′
〉
= 2ωk δss′ (2pi)
3δ3(k− k′) (Fk)12 (A4c)〈
a†
k,s bk′,s′
〉
= 2ωk δss′ (2pi)
3δ3(k− k′) (Fk)21 . (A4d)
In Eq. (A4), we have assumed that the X,XC ensemble is rotationally invariant (depend-
ing only on k ≡ |k|) and is uncorrelated with respect to spin (hence, δss′).8 Plugging in
everything, one finds
S<(k, x¯) = −(2pi)δ(k2 −m2X) (k/+mX)
[
θ(k0)Fk − θ(−k0)
(
1− F¯k
)]
(A5a)
S>(k, x¯) = (2pi)δ(k2 −m2X) (k/+mX)
[
θ(k0) (1−Fk)− θ(−k0) F¯k
]
(A5b)
where the form of F¯k, given in Eq. (11), is fixed by relations in Eq. (A4).
The starting point to obtain the equation of motion for Fk is the Schwinger-Dyson
equations:
S˜(x, y) = S˜(0)(x, y)− i
∫
d4w
∫
d4z S˜(0)(x, w) Σ˜(w, z) S˜(z, y) (A6a)
= S˜(0)(x, y)− i
∫
d4w
∫
d4z S˜(x, w) Σ˜(w, z) S˜(0)(z, y) . (A6b)
In the CTP formalism, the fermionic Green’s functions S˜ and self-energies Σ˜ (evaluated
below) are expressed in matrix form as
S˜ ≡
(
St −S<
S> −S t¯
)
, Σ˜ ≡
(
Σt −Σ<
Σ> −Σt¯
)
, (A7)
where each component is a 4 × 4 matrix in Dirac space and a 2 × 2 matrix in flavor space.
The time-ordered (T) and anti-time-ordered (T¯) Green’s functions are
Stij(x, y)αβ ≡
〈
TΨiα(x) Ψ¯jβ(y)
〉
= θ(x0 − y0)S>ij (x, y)αβ + θ(y0 − x0)S<ij (x, y)αβ (A8a)
S t¯ij(x, y)αβ ≡
〈
T¯Ψiα(x) Ψ¯jβ(y)
〉
= θ(y0 − x0)S>ij (x, y)αβ + θ(x0 − y0)S<ij (x, y)αβ . (A8b)
The free propagator S˜(0), which we already computed in Eq. (A5), satisfies the free equations
of motion
(i
−→
∂/x −M) S˜(0)(x, y) = iδ4(x− y) (A9a)
S˜(0)(x, y) (i
←−
∂/y +M) = −iδ4(x− y) (A9b)
8 More generally, F also carries spin indices s, s′ and depends on the momentum direction kˆ. A more
general derivation of fermionic density matrix equations using CTP methods is presented in Ref. [27],
allowing for spin coherence and momentum anisotropy in the density matrix.
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The right-hand side is proportional to the identity in Dirac, flavor, and CTP propagator
space. If we act with the Dirac operator on the ≷-component of the Schwinger-Dyson
equations (A6), we obtain the Kadanoff-Baym equations:
(i
−→
∂/x −M)S≷(x, y) =
∫
d4z
[
Σ˜(x, z) S˜(z, y)
]≷
(A10a)
S≷(x, y) (i
←−
∂/y +M) = −
∫
d4z
[
S˜(x, z) Σ˜(z, y)
]≷
. (A10b)
Taking the Wigner transformation of Eqs. (A10), we obtain(
k/−M + i
2
−→
∂/x¯
)
S≷ = e−i✸
(
ΣhS≷ + Σ≷Sh +
1
2
Σ>S< − 1
2
Σ<S>
)
(A11a)
S≷
(
k/−M − i
2
←−
∂/x¯
)
= e−i✸
(
S≷Σh + ShΣ≷ +
1
2
S<Σ> − 1
2
S>Σ<
)
, (A11b)
where all S’s and Σ’s are Wigner-transformed functions of (k, x¯). We also define Sh ≡ St−S t¯
and Σh ≡ Σt − Σt¯. The ✸ operator is defined by
✸ (A(k, x¯)B(k, x¯)) ≡ 1
2
(
∂A
∂x¯µ
∂B
∂kµ
− ∂A
∂kµ
∂B
∂x¯µ
)
, (A12)
for two arbitrary Wigner-transformed functions A and B.
Next, we simplify Eq. (A11) by making a number of assumptions. First, we assume that
quantities depend only on the time coordinate t ≡ x¯0, assuming spatial homogeneity and
isotropy. Second, we adopt a perturbative expansion in the self-energies Σ and the oscillation
parameter δm.9
Working at zeroth order in Σ and δm, Eq. (A11) becomes(
k/−mX + iγ
0
2
−→
∂t
)
S≷(k, t) = S≷(k, t)
(
k/−mX − iγ
0
2
←−
∂t
)
= 0 . (A13)
From Eq. (A13), it is straight-forward to show that(
k/−mX + iγ
0
2
−→
∂t
)2
S≷(k, t) =
(
k2 −m2 − 1
4
∂2t + ik
0∂t
)
S≷(k, t) = 0 (A14)
S≷(k, t)
(
k/−mX − iγ
0
2
←−
∂t
)2
=
(
k2 −m2 − 1
4
∂2t − ik0∂t
)
S≷(k, t) = 0 . (A15)
Taking the sum and difference, we have
2k0∂tS
≷(k, t) = 0 ,
(
k2 −m2X −
1
4
∂2t
)
S≷(k, t) = 0 . (A16)
9 This scheme amounts to an expansion in the ratios of time scales, detailed in Ref. [26]. The long time
scales are: (i) the collisional mean-free-time τcoll, set by the interaction rate, and (ii) the oscillation time
τosc ∼ δm−1; the short time scale τint is corresponds to an “intrinsic” energy scale, set by m−1X or T−1.
We work in the regime τcoll, τosc ≫ τint, counting each power of Σ as O(τint/τcoll) and each power of δm
as O(τint/τosc).
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Eq. (A16) implies (for k0 6= 0) that ∂tS≷ can be counted as first order in Σ or δm, since it
vanishes at zeroth order.10 Dropping the second order ∂2t /4 term, we see that S
≷ vanishes
unless k2 = m2X . Moreover, dropping the ∂t terms from Eq. (A13), we have
(k/−mX)S≷(k, t) = S≷(k, t)(k/−mX) = 0 , (A17)
which is satisfied if S≷(k, t) is proportional to (k/ + mX).
11 We can implement these con-
straints explicitly by parametrizing S≷ as
S≷(k, t) = (2pi)δ(k2 −m2X) (k/+mX)
[
θ(k0) g≷+(k, t) + θ(−k0) g≷−(k, t)
]
. (A18)
The four unknown functions g≷± are not all independent. The canonical anticommutation
relations {Xα(t,x), X†β(t,y)} = δ3(x− y)δαβ imply
1
4
∫ ∞
−∞
dk0
2pi
Tr
[
γ0 (S>(k, t)− S<(k, t))] = 1 , ∫ ∞
−∞
dk0
2pi
Tr [S>(k, t)− S<(k, t)] = 0 ,
(A19)
where “Tr” traces over Dirac indices only (not flavor indices). Plugging in Eq. (A18), we
have
g>+(k, t)− g<+(k, t) = g>−(k, t)− g<−(k, t) = 1 . (A20)
Defining Fk ≡ −g<+ and F¯k ≡ g>−, and using Eq. (A20), we reproduce our previous ex-
pression for S≷(k, t) given in Eq. (A5). Furthermore, Fk and F¯k are related by charge
conjugation. From the Green’s functions’ definitions in Eq. (A1), we have
S>11(k, t) = −CS<22(−k, t)TC , S>22(k, t) = −CS<11(−k, t)TC (A21a)
S>12(k, t) = −CS<12(−k, t)TC , S>21(k, t) = −CS<21(−k, t)TC , (A21b)
where C ≡ iγ2γ0. Taking the solution for S≷(k, t), we find that the form of F¯k is fixed
according to Eq. (11).
Dynamical evolution of the density matrix occurs at first order in δm and Σ. Taking the
difference of Eqs. (A11), and multiplying by −i, we have12
1
2
{
γ0, ∂tS
≷
}
= i
[
k/−M − Σh, S≷]+ i
2
{
Σ<, S>
}− i
2
{
Σ>, S<
}
. (A22)
The evolution equation for the density matrix, given by Eq. (6), is obtained by taking the
following “moment” of Eq. (A22):
−
∫ ∞
0
dk0
2pi
Tr
[(
k/+mX
4mX
)
Eq. (A22)
]
. (A23)
10 k0 = 0 solutions correspond to coherent particle-antiparticle production [37]. We neglect these modes in
our analysis.
11 A more general Dirac structure is allowed by Eq. (A17) which parametrizes spin asymmetries [30–34, 37,
41, 42] or spin coherence in the density matrix [27]. Here, we assume DM spins are unpolarized in the
early Universe.
12 The term −i[Σ≷, Sh] is O(Σ× δm) and can be neglected [26, 27].
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FIG. 4: Self-energy diagrams: (a) Leading contribution to Σh corresponds to a medium-induced
mass term. (b) Leading contribution to Σ≷ at two-loop generates collision terms from tree-level
scattering Xf → Xf and annihilation XX¯ → f f¯ , with cut shown by the dotted line.
The left hand side gives
−
∫ ∞
0
dk0
2pi
Tr
[(
k/+mX
4mX
)
1
2
{
γ0, ∂tS
≷(k, t)
}]
=
∂Fk
∂t
, (A24)
where we have substituted in for S≷(k, t) the zeroth order solution. In general, S≷ can
receive first order corrections to the form given in Eq. (A5), leading to a modification of the
spectral function δ(k2−m2X) or possibly additional terms involving Dirac structures besides
(k/ + mX). The latter do not contribute to Eq. (A24) since Tr[(k/ + mX)...] projects out
only (k/+mX) terms. Modifications to the spectral function can be neglected, since ∂tFk is
already first order, and we truncate at this order. Similarly, on the right hand side, we have
−
∫ ∞
0
dk0
2pi
Tr
[(
k/+mX
4mX
)
i
[
k/−M,S≷(k, t)]] = −i [Hk,Fk] , (A25)
with Hk defined in Eq. (7). Since Eq. (A25) is explicitly O(δm), we again use the zeroth
order solution for S≷.
Next, we evaluate O(Σ) collision terms appearing in Eq. (A22). We consider as an
example a four-fermion contact interaction, with Lint given in Eq. (13). The self-energies
can be computed perturbatively in GX , with the leading contributions shown in Fig. 4. The
Σh term, arising at O(GX), corresponds to the usual medium-induced shift in the mass
matrix M , analogous to the MSW effect in neutrinos. For nonrelativistic DM, this effect
may be neglected. The remaining terms correspond to 2→ 2 processes. The leading O(G2X)
contribution to Σ≷ is given by
Σ≷(k, x¯) =
i
2
G2X
∫
d4k′
(2pi)4
∫
d4p
(2pi)4
∫
d4p′
(2pi)4
(2pi)4δ4(k + p− k′ − p′) (A26)
×O± Γa S≷(k′, x¯)O± Γb Tr
[
S≶f (p) Γa S
≷
f (p
′) Γb
]
.
where S≷f (p) denotes the Green’s functions for fermion f
S>f (p) = (2pi)δ(p
2 −m2f ) (p/+mf)
[
θ(p0) (1− fp)− θ(−p0) f¯p
]
(A27a)
S<f (p) = −(2pi)δ(p2 −m2f ) (p/+mf )
[
θ(p0) fp − θ(−p0) (1− f¯p)
]
. (A27b)
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Substituting these expressions into Eq. (A22), it is straightforward to show that
−
∫ ∞
0
dk0
2pi
Tr
[(
k/+mX
4mX
)
i
2
({
Σ<, S>
}− {Σ>, S<})] = Ck[F ], (A28)
with collision term Ck given in Eqs. (9) and (10).
In summary, Eq. (A23) has become
∂Fk
∂t
= −i[Hk,Fk] + Ck[F ] . (A29)
Thus far, we have assumed flat spacetime. In an expanding Friedmann-Robertson-Walker
(FRW) spacetime, our results remain valid provided we replace physical time t with con-
formal time η (defined by dt ≡ a dη, where a is the scale factor) and physical momentum
k with comoving momentum kco ≡ ka, and we rescale dimensionful parameters by a (e.g.,
M → aM), as required by a canonically normalized kinetic term [33]. Re-expressing the
density matrix equation in terms of physical variables, the left hand side becomes
1
a
∂Fk
∂η
=
∂Fk
∂t
+
∂Fk
∂k
∂k
∂t
=
∂Fk
∂t
−Hk∂Fk
∂k
, (A30)
with Hubble constant H (the right hand side is unchanged). Incorporating an FRW space-
time thereby amounts to the replacement ∂tFk → ∂tFk − Hk ∂kFk compared to our flat
spacetime results. Thus, we obtain the density matrix equation of motion given in Eq. (6).
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